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I.	 INTRODUCTION
This report was submitted to NASA-MSC for the work performed under
ci-.ntract NAS 9-1004 and cove r s the perioc; December 26, 1962 through
June 15, 1964. The program zonsisted of investigating a volatile liquid
pressurization system for two different applications, designated Systems
A and B. The pressurization system for System A was to provide propel-
lants to the propulsive units at a flow rate sufficient to maintain proper
attitude control over a period of two weeks; whereas, the flow requirements
for System B were much more s-were in that its propellant supply will wee
exhausted in a matter of minutes. The other dissimilarity in Systems
and B was the method of adding heat to vaporize the volatile liquid. A suf-
ficient supply of heat will be available in System A from other systems that
are rejecting heat to a glycol-water solution. In System B, no external
heat source is available during expulsion. This required a system which
incorporated a heat source such as the heat of fusion of a metallic salt.
The technical approach selected to accomplish the objectives of the program
was divided into four key areas of research and development.
Task 1 - Diaphragm Development: Develop and demonstrate a metallic
bladder with a minimum fatigue life approaching 100 cycles. The
demonstration was conducted in a transparent tank with methods
of obtaining both volumetric and expulsion efficiencies. The
bladder was subjected to a differential pressure of 15 psi when
th- tank was filled to capacity.
Task 2 - Volatile Liquid Selection: Conduct an investigation and select a
volatile liquid which will give a saturation temperature in the
range of 90 0 -1400£' and in a pressure range of 200-250 psia. The
selection of the volatile liquid was based primarily on weight with
compatibility, leakage and heat transfer properties also being
considered.
Task 3 - Dynamic Analysis: Develop a computer program and conduct a
dynamic analysis of the system to show the pressure response for
various combinations of environmental and duty conditions. This
analysis included the system's response to changes in basic para-
meters which influence the pressure response characteristics of
the system.
Task 4 - EAperimentation: Investigate and develop a method of controlling
the supply pressure by controlling the addition of heat to the
volatile liquid. This task was adjusted to the requirements of
Systems A and B. In System A, a glycol-water loop was utilized,
whereas in System B heat storage materials were employed.
The results of this extensive effort are summarized in the subsequent
sections of the report.
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II.	 SUMMARY
The program consisted of an analytical study and experimental demon-
stration of the basic concepts of an all-metal, volatile liquid, positive
expulsion system. The basic pressurization systems envisioned includes
an all-metal, positive-expulsion propellant tank with an integral pressur-
ization system which utilizes a two-phase volatile liquid as the pressurant.
The volatile liquid pressurization system provides a propellant tank and
pressurization system which is integral and sealed within a common pres-
sure vessel. The pressurant tank, ,pressure regulator, chec? --ralves,
relief valves, and other associated plumbing normally found in a propellant
feed system are eliminated in this system.
The major problem encou=,
 tered on the volatile liquid program was the
fabrication of the thin (1 to 3 mils) hemispherical metallic expulsion dia-
phragms. In view of the limited response from Industry, it was decided
early in the program to concentrate fabrication efforts on the free-state
forming technique at the Electromechanical Division of TRW with a backup
procurement of diaphragms from Swedlow Inc. The second effort stemmed
from the work performed by Space Technology Laboratories, another
division of TRW, on positive expulsion tankage for the Bambi program.. As
part of this effort, Swedlow formed hemispheres of teflon/metal/teflon
laminates of approximately 2 mil thickness per laminate element. The
combined effort approach paid off. Today, all-met 'i diaphragms of alumi-
num, stainless steel, and tantalum can be fabricated a the desired end-
use design specifications.
The selection of the candidate materials with which to pressurize the fuel
and oxidizer tanks in both System A and System B was limited to those
maintaining the required pressure range, 200 to 250 psia and temperature
range 900 to 1400F, under the specified expulsion rates. Over 300 tests
were conducted to characterize candidate heat storage materials and to
determine their compatibilities with nitrogen tetroxide, Aerozine 50,
Genetron 32, Freon 22, propylene and ammonia. These experiments were
conducted as the first three portions of the pr.; gram; final selection of the
specific heat storage material (thermite) an(-,,,
 tr or t, precise determination
of the. properties of the system were made as ;, Fourth segment. As a re-
suli of this extensive test program, it was determined that a 1:1 ratio of
Genetron 32 and n-octadecane and a 1/5. 5 ratio of ammonia and n-tetra-
cosane would yield a pressure plateau that would meet the requirements
for hardware tZesting of the two-phase volatile liquid concept.
A dynamic performance analysis was conducted on System A which involver
a heat exchanger design. Since System B involves the use of a heat storage
material in intimate contact with the pressurant, heat transfer was assumed
to be an instantaneous action. The results of the volatile liquid selection
section indicate that such an integral system is feasible provided the melting
2
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point of the heat storage material is below the pressurant operating point.
Therefore, the mathematical analysis was aimed solely at the external
heat storage, System A.
The analog computer simulation was established and runs made evaluating
dynamic response of the flight-type fuel and oxidizer tanks, and the experi-
mental bellows tank configuration selected to demonstrate the feasibility of
the volatile-liquid concept. Pressure drop on the initial propellant flow
pulse was as expected. The propellant was found to provide a dampening
effect on the amount of pressure drop. The residual heat remaining in the
heat transfer fluid after flow is stopped resulted in a slight overshoot of
pressure. 35 analog runs were made varying the heat exchanger parameters
and their effect on the system response time was determined. No significant
problem areas were discovered.
Due to the difficulties encountered in the fabrication of the metallic dia-
phragms, it was decided to utilize a bellows experimental tank to demon-
strate the integral pressurization concept. Over 500 expulsion experiments
were conducted with the experimental tank at simulated System A and B
operating conditions. These tests satisfactorily demonstrated the practi-
cality of the unique two-phase volatile liquid pressurization concept.
Fifty-five tests were conducted with the original bellows tank configuration
employing ammonia as the pressurant. Four different charges (8 oz. ,
6 oz. , 4 oz. and 2 oz. ) of ammonia were investigated at simulated System
A operating conditions. The pror,el.lant simulated expulsion rate was fixed
at 0.4 and 0. 1 lb/sec. and a total ,amount of 10-lbs expelled. The pressure
drop during continuous expulsion was observed to fall from 235 psig to 175
psig. In the pulse mode of operation, the propellant was discharged in 5
sec. pulses. In between expulsion pulses, the heat exchanger was turned
on to permit the tank pressure to return to 235 psig. The pressure drop
per pulse was observed to fall 8-10 psi and 4-5 psi for the high and love
flowrate. In this series of tests it was determined that propellant dis-
charged to pressurant weight ratios up to 196/1 could be s.atisfactorily
accomplished.
Over 450 tests were conducted with Genetron 32 and Genetron 32/n-octa-
decane pressurant at simulated System B requirements. Three different
charges of Genetror, 32 and three different charges of n-octadecane were
investigated. With the heat exchanger flowrate fixed at 30 cc/sec. and a
Genetron 32 charge of :-lb 13-oz a pressure rise was recorded at the low
.flow condition and a 10 psi drop at the high flaw condition. In addition,
similar results were obtained at the high flow operation using a 10-oz
charge of n-octadecane and the same quantity of Genetron 32. The trends
and influence of equilibrium rate factors were very encouraging.
3
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III. ALL METAL DIAPHRAGM DEVELOPMENT STUDY
The requirement for an all metal expulsion system necessitates the design
and development of a thin metal diaphragm to function as the expulsion
bladder. A design analysis approach as to the method of deformation of
the diaphragm during operation has been developed. Methods of fabrication
to produce 2 mil thick aluminum, stainless steel, and tantalum have been
successfully developed. Demonstration of the operating mode and life
capabilities of the diaphragm were conducted on a subascale basis in a
transparent tank.
A. Diaphragt Analysis
The metal diaphragm must necessarily be a very thin sheet or shell.
If plastic extension of the mid-thickness surface were to occur at any
stage of operation, the diaphragm could never return to its initial
configuration because plastic compression of the mid-thickness surface
is prevented by the intervention of buckling of the thin material. There-
fore, the diaphragm must deform in such a way that the deformation of
the mid-thickness surface is within the elastic range of the material.
In other words, the length of any line in the raid-thickness surface of
the diaphragm can only change on the order of one part in one thousand
as the diaphragm deforms.
Bending strains i.n the diaphragm may extend into the plastic range be-
cause the direction of bending can be reversed. Thus, a diaphragn'
that is plastically deformed by bending during one-half cycle of
operation can return to its initial configuration during the second half
cycle.
The amount of plastic 'bending strain that can be tolerated in each cycle
of diaphragm operation is governed by the required fatigue life and the
ductility of the material. The relationship between cyclic plastic
strain range, L Ep , number of cycles to failure, N, and ductility of
the material 1kas been well established by Coffin and his associates,
references (1) and (2). Namely, failure occurs when
E,= CON%Yu NT
	
(1)
The constant car. be determined from the results of simple tension
test which corresponds to N = 1/4, and Q EP = E,c , where Op is the
true strain at fracture. Thus, the constant in equation (1) is equal to
1 / 2 F,P .
The true strain at fracture, Ee, , is directly related to the reduction
in area usually reported fo- • rr. Aallic materials. This relation is
4
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Ip = L 0 s
	
(2)
where RA is the percent reduction in area at fracture in the simple
tension test. Thus, equation (1) may be written in the form
LOGe k/-'eA//DOLe
The plastic strain range, 4 Ep , due to bending of the bladder material
is related to the thickness of the bladder, h, and the radii of curvature
to which the middle surface is bent as follows: The bending strain at
the surfaces of the bladder, E6 , is given by
Eb = -2 
h
-
r
—
	 (4)
where r is the radius of cruvature of the middle surface. This is the
strain in the direction perpendicular to the line about which bending
takes place. The strain, Ea , along the line about which bending takes
place is zero. The strain in the direction perpendicular to the bladder
surface is
el. - E b
	 (5)
because the sum of all three strains must be zero, since there is no
volume change associated with plastic deformation. (Elastic strains
are being neglected in this analysis because they are negligible com-
pared with the plastic strains. ) The equivalent uniaxial plastic strain,
EP	 corresponding to the three principle strains E b , ea. , and
is given by
r
EQ 3 Eb +E^ +El	 (6)
For example, see page 30 of The Mathematical Theory of Plasticity,
by R. Hill, Oxford Press, 1950. Thus, the equivalent plastic strain
during bending of the diaphragm about some line lying in it surface is
given by using (3) in (6) and Ea = p , namely:
(7)
The total range of bending strain in the diaphragm is
EP	 Eb
5
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E,c= 2	 -	 '	 (8)
i	 a
where r l
 and r 2
 are the algebraic maximum and minimum radii of
curvature produced in one complete cycle of bladder operation. For
example, if the initial configuration of the diaphragm contains a bend
of radius r 1
 and at complete collapse this bend is completely reversed
then r 2 = -r l
 and, hence d E = h/r l . We will retain the general form
given by equation (8) for the present, remembering that the relative
signs of r l
 and r ?
 must be taken into account. Thus, in general, the
plastic strain range produced by bending the diaphragm is given by
gyp=	 f, r — Y
2	
(9)
r 
Then, using equation (9) in equation (3), we have
Loge 7— B4400
2 ,v	 1^'	
l o
r,	 Z
Equation ( 10) provides the means for determining the maximum allow-
able thickness, h, of a diaphragm made of a material having a reduction
area, RA, when a bend in the diaphragm is to be cycled between radii
of curvature r l and r2 for N cycles before failure.
Equation (10) shows that the material of the diaphragm should have a
large reduction in area in order to obtain the most practical design
with the required fatigue life. Stainless steel of the 18 chromium, 8
nickel varieties, such as types 301, 302, 316, 347 exhibits relatively
large reduction in area -- up to 75 or 80 percent. Tantalum in the
recrystallized condition exhibits a reduction in area of 85 to 90 percent.
Pure nickel exhibits an RA of 75 016
 in the annealed condition. Thus of
these metals, tantalum appears to be the most desirable for use as a
metal bladder.
Most of the uncontrolled collapsing type diaphragms in use today are
subject to complex reverse folds which induce concentrated stresses
that resuii in early failure.
The type of design approach chosen for this study involves a single fold
which sweeps progressively over the entire surface of the diaphragm.
This would be similar to the sweeping fold that is produced when a
stocking is turned inside out. An example of this type of design is
illustrated in Figure 1.
6
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The tank and metal diaphragm are axially symmetric about the vertical
centerline. The tank is also mirror symmetric about the equator. The
initial configuration of the diaphragm is the same as one-half of the
tank. The diaphragm is welded to the tank at the equator. As driving
gas is admitted and liquid discharged, the diaphragm deforms as indi-
cated in Figure 1. The depressed portion of the diaphragm is amirror
image of the contour of the corresponding portion of the inside wall of
the tank.
As liquid discharges, the fold in the diaphragm sweeps from the pole
to the equator of the tank. When the tank is completely emptied, the
diaphragm rests against the opposite side of the tank from which it
started. Thus, essentially, a 100 ojo volumetric efficiency may be
obtained. In order to insure diaphragm operation as a sweeping fold,
and prevent unwanted deformation initiations, it may be necessary to
perform the initial fold in the bladder.
The cyclic life of the diaphragm is governed by the deformations that
occur at the sweeping fold. An enlarged view of the region of the fold
is indicated in Figure 2. The full line represents the middle surface
of a diaphragm of finite thickness. The dotted line, in the form of a
sharp peak, represents the configuration of a fold in a diaphragm of
zero thickness.
The quantities S 1 , and E 2 are the radial deflections (inward and
outward respectively) of the diaphragm at the ends of the fold. These
deflections must be limited to values that produce only elastic circum-
ferential strains in the diaphragm, for the reasons stated previously.
The quantity r represents the bend radius of the fold, and R is the
radius from the centerline of the tank to the fold. The ar.gle O( is the
slope of the tank wall at the position of the fold.
The bend radius of the fold, r , is given by
r	 !	 de E+E2	 (11)
Z cc S a- (,ry/?, - d s/N oc
where E 1, and E 2 are the circumferential strains associated with
the radial displacements E 1 , and S 2 respectively. The displace-
ments and associated strains are produced by the horizontal forces
required to bend the fold. Since E• 1 , and E 2 must be within the
elastic range, their maximum values are about equal to the yield
stress of the material divided by Young's modulus. Thus, for a metal
of high ductility, such as tantalum for example, E 1 , and E 2 are
about 1. 8 x 10- 3 in/in.
When the foid is near the pole of the tank, R = Ro Cos oc , where Ro
is the radius of curvature of the meridian of the tank near the pole.
8
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Thus,
r 2 Tos  a - 7Z -et slNa J
	 (12)
near the pole, a approaches 90 0. If we put tx = 90 0
 - 0, then 0
approaches zero near the pole of the tank. The fold radius expressed
in terms of 0 is
r= l 0. (6, + et)s / V 02 SiNo — COs ]	 (13)
For small valaues of 0, this reduces to
r3 • ^° ^^ FZ-- ^--	 (14)nf 
12 ^^
Thus, the bend radius of the fold becomes very large when the fold is
near the pole of the tank. Thus, the bending deformation of the
bladder is minimum near the axis of symmetry, and maximum dear
the equator. If the angle is zero at the equator of the tank (as for a
spherical tank, fur example), then equation (11) shows that the fold
radius is
r-	 ,e ^E► t e21	 (15)2
where, nova, R is the radius of the equator of the tank. Thus, assum-
ing E' 1 = E 2 = 1. 8 x 10 -3 , and R = 8-1/2 inches (for a spherical tank
of 1. 5 ft 3 volume), r = 15 x 10- 3 inches.
For one complete cycle of operation, folds of opposite sign pass over
the diaphragm. Thus, we have in equation (10), r 1 = -r 2 = r = 15 x
10 -3 inches. Assuming a design life of N = 200 cycles, and a material
having a reduction of area, RA - 95 %, then equation (10) shows that
the maximum allowable thickness of the diaphragm is h = 1. 39 x 10-3
inches.
This bladder thickness maybe too small to be practical. Hence„ it
may be necessary to design the tank so that the angle a at the equator
is greater than zero. Assuming a = 30 0 at the equator, and R =
8-1/2 inches, then equation (11) gives a fold radius of r = 44 x 10- 3 in.
Then, equation (10) gives a diaphragm thickness of h = 4. 05 x 10-3
inches.
10
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The relation of maximum bladder thickness acceptable in relation to
minimum values of a is shown in Figure 3.
The possibility exists that the diaphragm will not be formed in the
simple polar symmetric manner assumed in the proceeding analysis.
That is, complex buckling, leading to the formation of noncircular
and intersecting folds, may occur. The fatigue life of the diaphragm
would be substantially reduced in this case. It should be possible to
prevent complex buckling by means of preform fold initiation and, or,
circular corrugations on the bladder that are concentric with the polar
axis. These corrugations would be of relatively fine pitch and small
amplitude to minimize the penalty in volumetric and expulsive efficien-
cies that o.: • e involved. The corrugations would increase the elastic
bending stiffness of the bladder for all forms of buckling except polar
symmetric buckling. Thus, they would tend to insure the formation
of a polar symmetric sweeping fold similar to that considered in the
analysis given above.
B. Diaphragm Material and Fabrication Studies
The major problem encountered an the volatile liquid program was the
fabrication of the thin (1 to 3 mils) hemispherical metallic expulsion
diaphragms. Of the six companies to which a request for quotation
was sent, on fabrication of 25 tantalum diaphragms ranging in thick-
ness from one mil to five mils, only two responded. These were Solar
,Aircraft and Super Temp Corporation. Both companies have done
,some experimental forming of thin metal diaphragms in an effort to
evaluate the magnitude of the problem and select their technical
approach. Both encountered difficulty in forming the 1 mil thickness
in that lacing (tearing) and wrinkling occurred. Super Temp pl. nned
to develop die-forming techniques and processing procedures to over-
come these problems. The Solar approach was to draw all diaphragms
to the 5 mil thickness and chem-mill these to achieve the various
thicknesses desired down to 1 mil. Upon receipt of NASA approval to
award a subcontract for diaphragm procurement, both companies were
asked to quote on a fixed-price basis. Response of Solar Aircraft and
Super Temp Corporation to the quotation request on a fixed-price basis
was not as expected. Solar refused to quote on a fixed-price basis,
which would indicate they were either not very interested in undertaking
the program, or were not confident in their estimate of the amount of
work involved. Super Temp's bid was much too high.
In view of the responses from Solar and Super Temp, it was decided to
concentrate diaphragm fabrication efforts on the free-state forming at
TRW with a backup procurement of diaphragms from Swedlow. The
second effort stems from work performed by STL on positive expulsion
tankage for the Bambi program. As part of this effort, Swedlow
formed hemispheres of teflon/metal/ teflon laminates of approxi-
mately 2 mil thickness per laminate element.
11
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1. TRW Diaphragm Fabrication
It was decided that part of the demonstration tank could be used
in the forming fixture in conjunction with a new tank half into
which the bladders would be expanded. The new tank half was
fabricated to prevent possible damage to the demonstration tank
in the event of rupture of a diaphragm during forming. A sche-
matic of the teat setup used i ►1 forming is shown in Figure 4.
Photographs of the test hardware, sequence and setup are shown
in Figures 5 through 8.
The procedure developed for use in the forming sequence is as
follows;
1) The foil sheet blank is loaded into the forming fixture.
2) The two tank halves are filled with water to refusal.
3) The tank is then installed in the test fixture.
4) The tank is pressurized from the pressurized water
source, The entil, e tank will be pressurized by transfer
of load through the bladder foil blank.
5) Movement of the bladder is initiated by opening the drain
valve and allowing water to flow out of the forming tank
half. As the bladder starts to move, the work hardening
resulting will require an increasing amount of force to
deflect further. The amount of deformation is related to
the increase in differential pressure resulting from the
work hardening.
a. Stainless Steel Forming
To reduce total program costs and investigation time, annealed
302 stainless steel was selected to conduct initial forming in-
vestigations and establish the required techniques. This
material was selected on the basis of ductility properties
similar to tantalum. Initial tests were run with . 001 and .003
foils, with failures occurring prior to forming a full hemi-
sphere. The degree of forming possible with .003 foil has
proven to be significantly greater than it is with . 001 foil.
This seems to be due to defects in the material, as well as
stress concentration points resulting from wrinkling during
handling.
The rate of forming (work.
	 Bening) depends on the rate of
water flow. The method used to determine the measure of
13
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annealing accomplished (removal of work hardening) was to
measure the pressure differential across the diaphragm with
no associated diaphragm movement. As shown from the re-
sults of the annealing cycles attempted in Table I, vacuum
annealing at a temperature of 2050 O F exhibited the best
results.
As shown from Table II, the results of forming efforts using
this annealing cycle were not successful, Considerable im-
provement was noted over previously reported data, but
further investigation of the annealing cycle will be necessary
to provide acceptable parts.
In view of the difficulties with the annealing cycle and in light
of acceptable teflon/ aluminum/ teflon parts from Swedlow, it
is felt that further effort on stainless forming would not yield
additional information that would be helpful in forming tanta-
lum parts. Work in this area was discontinued.
b. Tantalum Forming
The tantalum foil material initially obtained was proven un-
satisfactory for use in forming diaphragms. As shown in
Figures 9 to 11, directional flaws resulting from the fabrica-
tion of the foil stock have caused early rupture during forming.
In discussing this problem with the supplier, Fansteel, 't was
concluded that the defects were a result of single directional
rolling of the material. The major user of tantalum foil
material is the capacitor industry and as this has never been
a problem with them, cross-rolling has not been ur ed.
Fansteel estimated that with eight weeks lead time they could
supply cross-rolled material.
Other tantalum foil suppliers were contacted and only one,
National Research, indicated that they had made any effort to
eliminate this problem from their regular production. Non-
directioiial material was placed on order with both Fansteel
and National Research.
New tantalum material was received and forming attempts
were resumed at TRW. Attempts at free-state hydroforming
were unsuccessful. The directional problem previously
noted was no longer present but the ductility properties
claimed for tantalum were not present in the foil stock.
Elongation of only about thirty percent was achieved. This
is far short of what is required by the free- state hydroform-
ing method. Swedlow experienced some difficulty with their
19
H
v
u
u
wO
3
0
b
30
.ab
a
c^
a
E^+
v v
a a
3 '^^
^d v
v
'^
v
b
v
an ^ o
(A
it
w
"
v
^v
w
a^ o
w )g a
a
NA u
v a a a
^+
o
>1
oOb to
0
bb
N
F
W U v, "b b b u u u
t^ E-+ v
0tw
a H Ln Ln Ln m Ln o Ln Ln m m
>z
41 ^
tnM 0
O O O O o O
0
O
°
O
0
O
0
O
^
a;^4 E4
c0% ^ 0
N
0
N
0
N N N N N N
o
W
v
"
a
0w
v
^
^"
v g o
ti
0
ti
0^ 0
ti
0
ti
o
ti
a
ti
o
ti
0
ti
0
ti
Cd
v m v
Aa^
b0
r-+ N M v Ln .o t` co C, O
^z
20
V%
^ N N
	 N N	 N	 N N N N
VV11
V
O O
lips ^`yyi
a
o s
N
N
I^t
N
3
N
^
N
tT ^ ^
N	 N
a ^
N	 N
8
n N N N
V1	 W
.^
GO eD
Ifs	 0'^ If% UN W%
O
W ^N
O
E^
^*^
a
1^
FI W
H ^
((lQyyy^
v
pN
Q
^
v
((Q^^
V
Ifs
^
I(fp^%	 l!%
Gi	 ^
M	 (
r
Q
^{'
^	 O
tOQ^^	 cL`
O	 ^
(CQy)
`^
((({{{Qyyy^^^
v
O1
^ ^
^mQy
^ ^	 G
DQN
^
^Qp
^Q	 ^O CT	 Q ND"	 Ifs ^pA a U% yIfs (y	 ^p
PM	 i4 W ^^ ri .i .^ rl ri	 ri nl	 rl ri	 r . .i i .^ rl	 •i
A
Y
8 8 8 8 8 8 8
4 M r4	 •^1 •^1	 .1 N N N N N N
'	 M1 21
FIGURE 9
2-MIL TANTALUM DIAPHRAGM
(RUPTURED WHILE LOADING WATER IN FORMING FIXTURE)
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FIGURE 10
2-MIL TANTALUM DIAPHRAGM
(RUPTURED AT 8 PSI DIFFERENTIAL)
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FIGURE II
2-MIL TANTALUM DIAPHRAGM
(DIRECTIONAL DEFECTS PRESENT)
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raw stock in the form of wrinkles, pin holes, etc. They were
however, able to fabricate four finished parts (see Figure 12).
With receipt of parts from Swedlow internal TRW forming
efforts were discontinued.
2. Diaphragm Procurement
After considerable difficulty in obtaining satisfactory price and
cost data from the various suppliers contacted nn fabricating a
quantity of tantalum diaphragms, an order was placed with
Swedlow Incorporated to fabricate 24 teflon/metal/teflon lami-
nated diaphragms; twelve tantalum parts and twelve aluminum
parts. Each increment of the laminate is 2 mil thick and resulted
in a total diaphragm thickness of 6 mils.
Two problem areas were noted in the first Dart received (Figure
13). These were not post-form annealed, and damage in the
flange area which resulted from the method of clamping during
fabrication. These deficiencies were corrected on all subsequent
parts, see Figure 14.
Swedlow ran into the same directional and pin-hole problems
associated with the basic tantalum foil stock. After fabricating
and delivery of four tantalum parts for test and evaluation, it
was decided to fabricate the remaining eight diaphragms out of
321 stainless steel until the tantalum surface condition could be
improved. Eight all-metal, 2 mils, stainless steel diaphragms
were delivered to TRW for evaluation.
a. Diaphragm Life Demonstration Tests
In order to keep the original developmert costs down, the
experimental program was based on the use of a six-inch
diameter tank for systern and diaphragm operation and
demonstrations. Diaphragm operation and life cycle demon-
strations were conducted in the transparent tank shown in
Figure 15. In the design of the plastic tank, consideration
was given to the relative elastic expansions under internal
vressure of the plastic tank and the metal bladder (in the
fully expelled condition). The tank wall thickness was de-
signed so that elastic stretch of the tank will not exceed
elastic stretch of the diaphragm. To insure a good fit be-
tween the tank and the diaphragm, the diaphragm was formed
slightly smaller than the tank, and then plastically deformed
with pressure until it conformed with the inside tank wall.
Attempts were made to cycle the aluminum, stainless steel,
and tantalum diaphragms received from Swedlow. All
25
FIGURE 12
TEFLON/TANTALUM/TEFLON DIAPHRAGM
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FIGURE 13
TEFLON/ALUMINUM/TEFLON DIAPHRAGM
(DAMAGED FLANGE AREA)
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FIGURE 14
TEFLON/ALU!, 1 I NUM/TEFLON DIAPHRAGM
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FIGURE 15
TRANSPARENT TANK FOR DIAPHRAGM EVALUATIONS
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diaphragms ruptured in a severe fold area upon refilling the
tank after one expulsion cycle was completed (see Figure
16). The major problem encountered in these experiments
was random diaphragm, deflection at the equator. This de-
flection allows the dia;.)hragm to pull away from the tank
wall and the polar be,d to assume some shape other than
round when the bends at the equator stiffen to nonsymmetry.
When the irregular shaped polar bend passes through the
equator bend area three-corner folds are formed which on
recycle present a weak point for rupture to take place.
Efforts to stiffen the equator against deflection have been
unsu . • essful to date. Stainless steel wire sti.fening rings
have been tried (see Figure 17). This part operated satis-
factorily for one expulsion cycle. Also, during the second
cycle, failure in the form of several pin-holes took place.
A double wall version was also tried, which was unsuccessful.
The formation of the characteristic three-corner folds near
the equator region were attributed to the severe area re-
duction zone (4 to 1) associated with a spherical tank. It is
believed that these folds could be eliminated by incorporating
an ellipsoidal tank configuration which approaches an area
reduction zone of 2 to at the equator.
These cyclic tests were significant in that they satisfactorily
demonstrated that the basic material procurement, anneal-
ing difficulties and overall fabrication problems heretofore
encountered have been resolved.
30
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IV.	 VOLATILE LIQUID SELECTION
Selection of the candidate materials with which to pressurize the fuel and
oxidizer in both System A and System B was limited to those materials
maintaining the required pressure range, 200 to 250 psia and temperature
range 90 0 to 1400F, under the specified expulsion rates. The pressurant
materials should, in addition, be compatible with their corresponding pro-
pellants. The lower average expulsion rate associated with System A
made it possible to consider the use of external heat sources for the energy
requirement. This only required the use of a pressurizing fluid. The
choice of fluids for System B was more difficult. Due to the higher expulsion
rate, it became necessary to provide a source of stored energy to prevent
excessive pressure droop.
A series of tests were conducted to characterize candidate heat storage
materials and to determine their comparcrl.lities with nitrogen tetroxide,
Aerozine 50, Genetron 32, Freon 22, propylene and ammonia. These
studies were conducted as the first thr+-e portions of the program; final
selection of the specific heat storage material and a more precise determi-
nation of the properties of the system. m-4- ro made as a fourth segment. As
a result of these tests, it is felt that a ra^io of approximately 1:1 of G32
and n-octadecane will yield a pressure l.,lateau that would meet the ' equire-
ments for hardware testing of this concept. The heat transfer characteristics
of the test hardware would be sufficiently different from those experienced
with the laboratory equipment, that a more precise determination of the
principle could be made. By increasing the amount of the heat storage
material to 2:1, some lengthening of the pressure plateau might be achieved,
but with the penalty of increased system weight which will result in an over-
all decrease in system performance.
Another series of tests were completed to characterize the physical proper-
ties of ammonia and n-tetracosane. Based on the results obtained with
Genetron-32 and n-octadecane (H 3 ), it was felt that a higher melting point
material coupled with the lower vapor pressure obtained from ammonia
would give the desired properties for a pressurant/heat storage material
combination. However, the use of ammonia and tetracosane did not result
in acceptable pressure plateaus for use in the expulsion diaphragm system.
Because of the considerable solubility of ammonia in n-tetracosane, it does
not appear possible to release the ammonia thus obtaining good heat trans-
fer and a pressure plateau. The use of other hydrocarbons in the same
family as tetracosane with ammonia could possibly result in similar
deficiencies.
A. Pre ssurants
The selection of the first car.Oi3te materials to be investigated was
limited to those having a saturation pressure on the lower end of the
temperature band. Additional limiting requirements of the materials
33
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being considered were compatibility v ith the applicable propellant, and
minimum total system weight. The pressurant materials selected for
study are shown in Table III.
Using the criterion of a low molecular weight pressurant to minimize
total system weight is indicated also in Table III. Even with vide
variations in pressurant weight requirements, thgre is only a relatively
small change in the amount of external energy required to vaporize the
pressurant.
Figure l g
 shows the plot of saturation pressure versus the temperature
for the materials selected and how they compare with the range lirnita-
tions. Genetron 32, which is a new compound by The General Chemical
Division of Allied Chemical Company, was selected for investigation
because of its low molecular weight even though it does not utilize the
full pressure span in the temperature range.
B. Heat Storage Materials
In System A, the pressurant material would be vaporized by heat trans-
ferred from an external source. This allows selection of operating
conditions by means of control of the rate of flow of z, hot fluid through
a heat exchanger. In System B, with its higher flow requirements, the
rate of heat transfer from a practical heat exchanger would not be suf-
ficient to prevent excessive pressure droop. It, therefore, becomes
necessary to provide a method of storing the heat energy required to
vaporize the pressurant.
In using the latent heat of fusion of a heat storage material to provide
the energy to vaporize the pressurant, the actual operating conditions
will be determined by both materials, assuming negligible mutual
solubility. The system will essentially operate at the vapor pressure
of the pressurant at the freezing temperature of the heat storage
material. By selection of heat storage materials with different freezing
temperatures, nearly any operating condition can be obtained with a
given pressurant. Due to the scope of this program, the materials
selected for investigation were all commercially available. More opti-
mum results could possibly be obtained with other speciali;r
 compounded
materials. The properties of the heat storage materials which have
been considered for this study are shown in Table IV. The expected
operating conditions for the pressurant and heat storage materials
combinations selected for study are shown in Table V.
As a result of a review of the results of the first phase of compatibility
testing, it was decided to investigate in more detail the family of
saturated hydrocarbons of the form Cn H2n + 2 and include those appli-
cable in the second phase of testing. The properties of these materials
are shown in Table VI and Figure 19. It is noteworthy that as the
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number of carbon atoms is increased a larger amount of the total heat
of fusion available is in the form of a transition change at a tempera-
ture below the rnelting point. With an even number of carbon atoms
this temperature difference is small and would not have a great effect
on system operation. However, when the number of carbon atoms is
odd this difference can amount to as much as 120F.
In order to obtain the temperature change, at system operating con-
ditions required to utilize the heat of transition available, a pressure
drop of 44 psi in ammonia and 70 psi in difluc.)romethane (Genetron 32)
would be required. As this magnitude of pressure change is not
acceptable, only the heat of fusion should be considered available when
the temperature difference between melting and transition point y re-
sults 4a a corresponding drop in pressure in excess of 10 psi. The
maitc:ial requirements shown in Table VII were calculated on this basis.
C. Compatibility Testing
Selection of candidate pressurants and heat storage materials for actual
use requires that they be comptible and nonreactive with the applicable
propellants and with each other. An additional requirement of the heat
storage materials is that they are not completely soluble in the pres-
surants in order to retain their original chemical properties.
The selection of a testing laboratory to conduct the compatibility tests
was limited to those who had the capabilities and experience in handling
and testing the propellants. Redel Incorporated was selected not only
on their capabilities in handling N 2 04 , UDMH, and hydrazine, but also
on the basis of considerable experience in testing compatibility of
various polymeric materials with these propellants. Initially a pre-
liminary screening test series was conducted to yield a rapid qualitative
measure of compatibility of the selected materials with nitrogen
tetroxide and 50/50 unsymmetrical dime thylhydrazine/hydrazine pro-
pellants. All samples were held in closed glass containers which were
immersed in a water bath at 1400
 for four hours. Each test vessel
was equipped with a pressure gauge, valve assembly, and a shielded
thermocouple. The test vessel used was the standard "Freon Compati-
bility Test Bottle" which will withstand up to 500 psig and temperatures
to 4000F.
A sample of a candidate pressurant was :added to the chilled receiver
under a blanket of nitrogen and cc,-,v'c :used below its boiling point. The
vessel was then closed and trar.^^^ ' r^°t; ^.o the water bath where it was
allowed to stabilize at 140 0 F. 1'ie soccold component was then added
from a chilled and pressurizes
	 The pi., , ssure was then
adjusted with nitrogen to 250 psi and sealed. After four hours obser-
vation the samples were cooled to approximately their boiling point and
,aspirated into an aqueous decontamination solution.
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The results from this series of tests were reviewed with NASA project
personnel to resolve which materials should be subjected to further
testing. The following conclusions were reached:
1) Propylene was eliminated because of its tendency to go info
solution with the various heat storage materials.
2) Champhene and elaidic acid were eliminated because of their
incompatibility with the oxidizer.
3) Sodium acid phosphate was dropped because of the difficulty in
maintaining the water of dehydration with the heat storage
material.
4) Genetron 32 was selected over Freon 22 because of its lower
molecular weight.
In order to give more flexibility in system design, additional members
of the eicosane family of saturated hydrocarbons were added to the
heat storage material candidate list. If they can be used, the operating
temperature and pressure for System B could be changed simply by
changing the heat storage material.
The compatibility test program was carried out to yield a qualitative
measure of compatibility of nitrogen tetroxide and a 50/50 blend of
unsymmetrical dimethylhydrazine and hydrazine with various gaseous
pressurants alone and in combination with selected "heat storage"
materials. All materials used in the program, except the nitrogen
tetroxide, were supplied by TRW and were used as received. The
program was divided into three phases: (1) Compatibility of pres-
surants and propellants; (7) compatibility of heat storage materials
and pressurants, and (3) c ompatibility of heat storage materials,
pressurants and p;-opellares. In addition, a fourth phase of testing
was also included to determine the actual freezing temperature of the
heat storage material and corresponding vapor pressure of the various
combinations. During a controlled expansion of the mixture, the re-
sulting effect on temperature and pressure was also determined for
Genetron 32/n-octadecane and ammor_..a/tetracosane. Details of test
equipment, procedures, and experimental results are now described.
1. (Phase I) Compatibility of Genetron 32 and Aerozine 5 0
Three tests were conducted to determine gross compatibility of
Genetron 32 (G-32) and Aerozine 50. Results are tabulated in
Table VIII and indicate that no incompatibility was observed.
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2. (Phase II) Compatibility and Melting Point of Heat Storage
Materials with Ammonia and Genetron 32
Tests were made with heat storage materials to assess their
compatibilities with Genetron 32 and ammonia and the effects upon
their freezing points of these pressurants. These tests were con-
ducted by maintaining temperatures of the mixtures at approxi-
mately 120 O F for three hours, during which the vapor pressure-
temperature relationship was controlled so that 350 psig was not
exceeded. At the end of the three hour period, the temperature
was lowered slowly and the freezing points of the heat storage
materials were observed. The data from this series are included
in Table IX.
It should be noted that in Test #12 with H 2 (lauric acid) and
ammonia an apparent reaction was observed and the constituents
did not freeze below 40 0F. In general, the reference values for
freezing points of the heat storage materials were found to be de-
pressed slightly and the vapor pressures were also slightly reduced.
Both results are possibly due to mutual solubility in the heat
storage materials.
The most likely candidate materials are those with freezing points
lying between 80 and 120 0F, and having vapor pressures between
200 and 250 psig. The combinations which most nearly meet these
requirements are H 3 (n-octadecane)/G32 and H6
 (docosane)/NH3
which have a vapor pressure of approximately 250 psig at 1200F.
A series of 26 tests were conducted to determine the freezing
points of several candidate materials, the results of which are
shown in Tables X and XI.
In tests R-9 and R-10, elaidic acid reacted with ammonia resulting
in a compound which did not melt at 130 0F. No attempt was made
to melt this material at higher temperatures due to the excessive
vapor pressure of the ammonia.. Tests R-11 and R-13 formed
solutions which resulted in mixtures which would not freeze at
400F. All of these materials must be eliminated from further
consideration for this reason.
None of the R series tests in this phase resulted in combinations
which would meet the vapor pressure and temperature criteria.
3. (Phase III) Compatibility of Heat Storage Materials/ Pre ssurants
with Aerozine 50 and N204
Tests 18 through 59 were concerned with mixtures of the heat
storage materials and pressurants with varying concentrations of
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Aerozine 50 and nitrogen tetroxide. Each of the combinations was
heated to approximately 1200 F (depending on the vapor pressure of
the pressurant) and held for three hours to determine gross in-
compatibilities. No reactions were noted and thus it can be
assumed that HSM/G32 is compatible with up to 2516 fuel or oxi-
dizer and that HSM/NH 3 is compatible with up to 2516
 fuel. Com-
plete data is included in Tables XII, XIII and XIV.
4.	 Phase IV) Physical Property Determinations of Various
Pressurants and Storage Materials
This last group of tests was conducted to simulate the action of the
various heat storage materials in an actual propellant expulsion
system by the controlled release of the pressurant from the HSM/
pressurant mixture. The data obtained gives a quantitative
measure of the pressurant temperature as a function of volume
increase. The selected combination was evaluated by placing the
material in the test vessel shown in Figure 20 with container vent-
ing accomplished with the micrometer needle valve through the
flowmeter. Venting began when the temperature was approximately
50F above the melting point of the heat storage material and con-
tinued until the pressurant was expended. Temperature was
monitored with a thermocouple whose output was displayed un a
strip chart recorder. Pressure was monitored by a transducer
with the output being recorded on a second strip chart recorder.
Both recorders were started simultaneously with a recording
speed of 1/2-in/minute used in all tests.
The materials selected for this final series of tests were mixtures
of n-octade cane /Genetron 32 and n-tetracosane/ammonia. The
following tests were completed using the apparatus schematically
illustrated in Figure 20.
a. N-Octadecane/Genetron 32 Test Results
1) N-Octadecane Freezing Point Determination
Accurate freezing point determinations of H 3 (n-octadeca.ne ),
as received from TRW, were made to establish purity of the
material. The actual freezing point determined was 82.40F
as compared with the published value of 82. 60F.
The H3 material was also checked for contamination effects
after cycling five times with the G32. The H3 in this case
had picked up some contamination which had been suspected
as the origin of the slight amber colclr. The material was
rechecked and the freezing point was found to be the same.
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This test would indicate that minor contamination would not
significantly change the freezing point of thirs heat storage
material.
2) Vapor Pressure-Temperature Curves
The vapor pressure/temperature curves for Genetron 32
(without expansion) is shown in Figure 21.
3) H3 /G32 Mixture Freezing Point Determinations
The freezing point depression of H 31 when mixed with G32,
was determined to be approximately 4 0 - 60F below the
normal freezing point of 62.4 0F. The results of a similar
t,^ *.. conducted to detect the presence of eutectic mixtures,
phase changes, and/or component solubilities indicate that
the mixture will behave predictably through the temperature
range tested. To accomplish this test a mixture of H3/G32
was cooled t , 3 below -110 oF and slowly warmed to ambient
temperature.
4) Pressure and Expansion
To obtain a pressure-temperature relationship for compari-
son tests with the H3/G32 mixture, an expansion test of
G32 was conducted. This test indicated that the G32 reacts
predictably with a decay in both temperature and pressure
with time.
5) H3 /G32 Mixture Expansion Test
This last series of tests was conducted to characterize the
H3 /G32 mixture during expansion.
a) General Conditions
Tests 1, 2 and 3 (Figure 22) were conducted with a 1:1
ratio of H3/G32. In all tests the G32 was released at the
rate of approximately 0. 5 grams per minute. The re-
sultant traces of tests 2 and 3 showed a plateau in
pressure and temperature of over 2016 of the total
amount of pressurant released with a resulting pressure:
of 230 psig at 78 0F. In these tests, tie temperature
readings were taken in the liquid G32 (bottom phase of
a two-phase mixture) and the temperature curve does
not indicate the temperature of the freezing H3.
Measurements in the H 3 (upper phase) would be mis-
leading since the heat transfer between the H 3 and the
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G32 is very poor. However, the G32 vapors must pass
through the H J and be warmed to its temperature before
being released from the system; thus, it may be
assumed that some of the heat will be absorbed by the
G32. Since the vapor pressure of the system is de-
termined by the liquid terperature, all measurements
in tests 1 through 6 were taken in the liquid C;G32.
b) Attempts to Jmprove Heat Transfer Between Phases
Pressure/temperature curves are shown for tests 4
through 6 (Figure 23) which indicate that pressures of
approximately 210 psig cat. be
 maintained over a period
of time as the 113 freezes. It should be noted that not
all of the H3 freezes out before ,.he G32 has been ex-
panded, and it is felt that this is the result of poor heat
transfer. In an attempt to remedy this, approximately
4 grams of copper wire were placed vertically in the
test mixture to improve the transfer of heat from the
H3 to the G32. Test 5 is the first test run using this
method and the resulting curves indicated little
improvement.
Test 6 was conducted with a ratio of 1:1. 7 of H 3 /G32 to
obtain a longer press,., re plateau by increasing the amount
of H 3 . The results from this test indicated a slightly
longer plateau, but it is not felt that the increased ratio
was conclusive.
b. N-Tet racosane/Ammonia Test Result s
1) N- Tetracosane Freezing Point Deterr_zination
Determinations of the freezing point of n-tetracosane used
in these tests indicate a freezing point of 121-122 0 F for the
specific material used. Reference values for n-tetracosane
are approximately 123. l o F for Lhe melting point and 118. 60F
for the transition point. Only one freezing point plateau was
observed in the test and the transition point may occur but
was not detected in these tests.
2) Vapor Pressure/Temperature Curve for Ammonia
Vapor pressure curves for liquid ammonia in the fixture
showed a slight deviation from handbook values which may
indicate some inaccuracies in the pressure measurement
techniques. Transducer calibrations are accurate to
± 2. 5%n and the curves are reproducible. Test results are
shown in Figure 24.
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3) Vapor Pressure/Terperature for the Mixture of Ammonia
and N- Tetracosane
Shown in Figure 25 are the vapor r,ressure/teniperature
curves of n- tetracosane/ammonia mixtures (5. 5:1). The
curves definitely show freezing point depression of over
6 0 F with the occurrence of a possible eutectic mixture
freezing point at approximately 92 0F. Using ratios of
5. 5:1 there, is a -ingle phase mixture and it is assumed
that the ammonia dissolves in the tetracosane giving un-
predictable freezing point measurements.
4) Expansion Curve for Ammonia and Tetracosane
Based on the data described above, the last series of tests
was conducted to determine whether the heat storage
raterial/pressurant comb-Mation would result in a pressure
plateau with the release of the ammonia.
This group of tests was conducted to simulate the action of
the various heat storage materials in simulated propellant
expulsion system by the controlled release of the pres-
surant from the heat storage mate rial/pressur. ant mixture.
The date obtained gives a serrti-quantitative measure of
the pressurant temperature as a function of volume in-
c- ise. The selectee: combination was evaluated by placing
the material in the test vessel shown in Figure 20 with vent-
ing accomplished by the micrometer needle valve through
the flowmeter. Venting began when the temperature was
approximately 5 0F above the melting point of the heat
storage material and continued untA the pressurant was
expended. Temperature was monitored with a therrr.o-
couple whose output was displayed on a strip chart recorder.
Pressure was monitored by a transducer with the output
being recorded on a second strip chart recorder. Both
recorders were started simultaneously with a recording
speed of 1/2-in/min used in all tests.
Test results are shown in Figure 26 and the results indicate
that none cif the ratios from 3:1 to 7:1 (n-tetracosane/
ammonia) yielded pressure plateaus useful for the proposed
application. Ratios of 5. 5:1 (5. 5:1 is optimum) and greater
result in single phase mixtures in which the ammonia is
assumed to have dissolved in the n-tetracosanQ. At ratios
of 3:1 and 4:1 a two-phase mixture resulted. 'n all cases,
the expansion of the ammonia produced foaming of tetra-
cosane as soon as the freezing point had been reached. This
60
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reinforces the assumption that the ammonia has been
solubilized. Under none of the, conditions tes`ed were
results reproducible.
Based on the results obtained in this series of tests, the
use of ammonia and tetracosane will not result in accept-
able pressure plateaus for use in the expulsion bladder
system. Because of the considerable solubility of ammonia
in n-tetracosane, it would not appear to be possible to re-
lease the ammonia thus obtaining good heat transfer and a
pressure plateau. The use of other hydrocarbons in the
same family as tetracosane with ammonia could possibly
result in similar deficiencies.
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V.	 DYNAMIC PERFORMANCE ANALYSIS
A dynamic performance analysis was conducted on System A which involves
a heat exchanger design. Since System B involves the use of a heat storage
material in int%mate contact with the pressurant, heat transfer was assumed
to be an instantaneous action. The results of the volatile liquid selection
section indicate that such an integral system is feasible provided the melt-
ing point of the heat storage material is below the pressurant operating
point. Therefore, the mathematical analysis was aimed solely at the exter-
nal heat storage, Systern A.
The basic system cunsists of an all-metal, positive expulsion propellant
tank with an integral pressurization system which utilizes a two-phase
volatile liquid as the pressurant. A schematic of the system is illustrated
in Figure 27. The volatile liquid pressurization system provides a propel-
lant tank and pressurization system which is integral and sealed within a
common pressure vessel. The pressurant tank, pressure regulator, check
valves, relief valves, and other associated plumbing normally found in a
propellant feed system are eliminated inAhis system.
The analog computer simulation was established and runs made evaluating
dynamic response of the flight-type fuel and oxidizer tanks, and the experi-
mental bellows tank configuration selected to demonstrate the feasibility of
the volatile-liquid concept. Pressure drop on the initial propellant flow
pulse was as expected. The propellant was found to provide a dampening
effect- on the amount of pressure drop. The residual heat remaining in the
heat trar sfer fluid after flow is stopped resultea in a slight overshoot of
pressure. Runs were made varying the heat exchanger parameters and
their effect on the system response time was determined. No significant
problem areas were discovered.
The working equations employed, block diagram describing the thermo-
dynamic relations for the general system, numerical parameters, sample
analysis, and actual test results are subsequently described.
A. Equations
From the First Law of Thermodynamics, the following relationship
exists for the fluid properties of the pressurant:
where
qp
 = heat input to the pressurant BTU
sec
W  = weight of the pressurant lb
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P = pressure of the pressurant psia
J = 778 ft. lb . /BTU
v = specific volume	 ft3/lb/sec
u = internal energy Bb U /sec
or
qp = Wpu + P12J V	 (2)
where
V = pressurant volume ft3/sec
The quality (fraction of vapor) of the two-phase pressurant is related
to the properties by the equations
U -uf
X = 
u	 (3)fg
and
v -v f
X = 
v	 (4)fg
where
sub (f) denotes saturated liquid
sub (fg) denotes change in property during evaporation.
The steady-state heat balance for the pressurant is given by the
equation:
Wlihli + Wgingi = Wlfhlf + W fhgf - Q	 (5)
g
where
W = weight of fluid, lb
h = enthalpy, BTU/lb
Q = Transferred heat, BTU
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sub 1 = liquid
sub g= gas
sub i = initial
sub f = final
using the relationships
W g	 p= xW and W 1 = (1 -x) W p,
where x and W  are the quality and weight of the pressurant respec-
tively as previously defined, equation (5) reduces to
(1 -xi) hli + xingi = (1 -xf ) hlf + xf hgf W	 (6)P
The change in specific volume is given 'by
A v = x fvg f + (1 -xf ) vlf -xi vgi - (1 -x i ) vgi	 (7)
where
v = change in pressurant specific volume - ft 3/lb
V = specific volume - ft3/lb
The change in specific volume can also be expressed by
o v = W
A V	 (8)
p
where
A V = pressurant volume change - ft 
The heat input to the pressurant, q, is made up of two components. One
component is supplied by the heat exchanger and the other will come
from the propellant.
q= q f + qp	(9)
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where	 of = heat input from the propellant - BTU/sec.
qp = heat input from the heat exchanger - BTU/sec.
The heat exchanger is in the form of a water-glycol loop, shown below.
The calculation of the amount of heat taken out of the heat transfer
fluid is based on its average temperature. This is not exactly true
but will suffice for our purposes.
where	 T2 = aver age heat transfer fluid temperature - of
T 1 = heat transfer fluid inlet temperature - of
T 3 = heat transfer fluid outlet temperature - of
If it is assumed that all heat taken out of the heat transfer fluid is
transferred to the tank metal (no external heat loss), then the heat in-
put to the metal may be expressed by the equations
q2 =h2 Ah ( T 2 - Tm )	 (11)
and q - q3 = q2 = W  Ch ( T 1 - T 3 )	 (12)
where ql = heat content inlet heat transfer fluid - BTU/sec.
q2 = heat transferred from heat transfer fluid - BTU/sec.
y3 = heat content outlet heat transfer fluid - BTU/sec.
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h 2
 = heat transfer coefficient from heat transfer fluid to
tank metal - BTU/in 2 o f sec.
Ah = area of tank metal in contact with heat exchanger
fluid - in2
T  = temperature Cank metal - of
W  = heat transfer fluid flow rate - lb/sec.
Ch
 = heat transfer fluid specific heat - BTU/lb of
Combining equations 10, 11, and 12 to eliminate T 2 and T 3 results in:
W  Ch
 h 2
 A  (T 1 - Tm)
q2 
= VVh Ch + h2 Ah
	
(13)
2
The heat input from the tank metal to the pressurant is determined by
the equations.
= h 
P A P (T m - T P )	 (14)q  
where	 h = heat transfer coefficient from tank metal to
P pressurant, - BTU/in 2 o f sec.
A  = area of tank metal in contact with pressurant - in 
T  = temperature of pressurant - of
The heat balance equation for the volume of heat transfer fluid in the
heat exchanger establishes the fluid temperature rate of change as:
T = ql q2 q3
2	 W 2 Ch
(15)
where
	 W2 = weight of heat transfer fluid in heat exchanger - lb.
Combining equations 11, 12, and 15 we have:
T -W h  G  (T1 - T3) - h2 Ah (T2 - 
Tm) 
o f/sec. (16)2	 W2 Ch
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The metal temperature rate of change is governed by the heat balance
T = W ---Z-
 o F /sec .mCm m
(17)
The component of heat input to the pressurant supplied by the propel-
lant will be according to the equations:
of = h f A f (Tp ) BTU/sec.
	 (18)
T =	
of	
of/sec.	 (19)f W  C 
vhere
	
h = heat transfer coefficient from the propellant to the
f pressurant - BTU/in 2 of sec.
A  = area of contact between propellant and pressurant - in 
T  = temperature of propellant - of
W f = weight of propellant - lb.
C
f = propellant specific heat - BTU lb of
The time constant for the diaphragm separating the propellant and the
pressurant is neglected in equation (14); however, h f includes both sur-
faces. For calculation purposes
hf =::::^ .3 hp	 (20)
B. Mathematical Model
The foregoing relationships combine, as shown in Figure 28, to give
pressurant pressure as a dynamic function of heat transfer fluid flow
rate and rate of change of volume resulting from propellant flow.
In the computer simulation the linear computations were performed on
the deviations of the parameters from nominal or selected operating
condition. These deviations are denoted by o 's. Nonlinear (multi-
plication and division) processes must be performed on total values.
The following equations apply:
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FIGURE 28
BLOCK DIAGRAM OF THERMODYNAMIC
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P= Po +Q P	 (21)
V = V  + 6 V = V  + S Vdt	 (22)
V= vo + W V	 (23)
P
v
v= v + a P L1 P	 (24)f	 fo
o
fg 
= x (v - vf )	 (-3)
v
v fg	 fgo a P= v 	+ a 
fg 
D F	 (26)
C. Numerical Parameter s
In order to conduct the analog computer al. ulation, values were de-
termined or estimated for the constant parameters and ranges for the
variable parameters used. These values are enumerated below.
Fuel Tank
Name Symbol Units Requirement s
Propellant Aerozine-50
Pressurant Ammonia
Propellant Net Volume Ft 1.27
Propellant Weight Wf Lb 70.5
-- 1— (.Iivg j of/BTU .0284
W  C 
Maximum Flow Rate Lb/Sec. .9
In 3 /Sec. 28.0
Nominal Pressure Psia 225
Nominal Temperature (Tp) of 104
Thermal Conductivity
Liquid Kp f .29
Vapor KpV .018
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Fuel Tank
Name	 Symbol Units Requirements
Specific Heat
Liquid	
C 
BTU/1b of 1. 19
Vapor 1. 16
Density
3Liquid	 E? Lb/ft 36. 16p
Vapor .75
Viscosity
Liquid	
IU
Lb/hr, ft. . 36
Vapor .25
Pressurant Weight	 (W P) Lb .958
Initial Quality	 (xl) .20
'Tank Diameter	 (D) In 17.15
Tank Weight	 Wt Lb 6.54
S. S.	 .025 Wall
Area of Hemisphere	 A I A  In 462. 5p
Heat Exchanger (. 060 x , Z5 passages on 1. 0 centers)
Weight of Heat Exchanger
W
'..	 1.5	 -	 Wm2 t Lb 4.90
W 1 C
of/BTU 1.94
m m
Area of Meat Exchanger A In 231.8
Heat Transfer Fluid (60% Glycol - 40% Water)
': L )c, ci[' c	 lC'I G;z BTU/lb of .70
Density
	 e Lb/ft3 72. 3h
Weight in Heat Exchanger W 2 Lb .251
1
of/BTU 5.70W.	 C2	 h
Viscosity	 h Lb/ft. hr . 12
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Fuel Tank
Name Symbol Units Requirements
Thermal Conductivity K .25
Inlet Temperature
Minimum T1 of 160
Normal of 180
Maximum of 200
I- ,w Rate
Minimum W Lb/sec .0111
Normal Lb/sec .0278
Maximum Lb/sec .0444
In determining the value of parameter deviations from normal the
values were taken as linear functions of temperature or pressure
around the 1040F 235 psia operating point. The slopes used in the
computer simulation were:
_- =	 BTU/lb
	
a P	 .335 Psi
a^ fg = - . 31 BTU/lb
	
P	 Psi
D. Sample J`.,ialysis
To illustrate the use of the preceding equations, the use or immonia
(NH3 ) as a pressurant for the fuel tank is considered.
1. Design Criteria
Pressure range
	 - 200-250 psia
Temperature range
	 - 5.1-1400F
Tank capacity for fuel - 1. 27 ft3
Flew rates:
Maximum - 0. 897 lb/sec = 0. 0162 ft 3 /sec (for 5 sec,,nds)
Average	 - 0. 21 ' r = 0. 00384 ft3 /hr
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The density for the 50 1/6 UDMH plus N2 H4 fue l_ is assumed to be
54. 7 lb/ft 3
 in the operating temperature range under consideration.
2. Properties of Saturated Ammonia
The relationship between pressure, specific volume, and enthalpy
versus temperature for ammonia (NH 3 ) at saturated conditions are
shown in Figures 29, 30 and 31.
3. Operating Paint
The operating temperature for the saturated pressurant was
selected as l if o F. The other properties at this condition are:
P = 247 psia
v = 1. 217 ft3/lb
g
vl = 0. 0279 ft,3/lb
h = 633.7 BTU/lbg
hl = 167. 0 BTU/lb
The above values will be considered the initial values for any given
pulse. It is assumed that the pressurant will be returned to this
condition after each pulse by adding heat at Constant volume.
4. Analysis
The limiting case may be determined by arssuming negligible heat
transfer during a maximum flow rate pulse of 5 seconds duration.
This pulse may occur at quality values from 0 to 1 with the pres-
surant properties initially at the operating poiat values previously
described.
Equation (6) can. then be solved for x  as
xi 
g
(h i -hli ) + hli -h if
_
xf _	 h f -hlf
(27)
From the properties of saturated ammonia in Figures 29 and 30,
x f can be found as a function of P and xi.
The change in specific volume is given by equation (^r) with the
value of ,d v obtained from equation (8).
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VAPOR PRESSURE CURVE FOR AMMONIA
380
3Lf0
300
:61
a
N
C.
n
W	 2209
N
N
6iJ
a
0
a	 180
140
100
80
80	 90	 100	 110	 120	 130
TEMPERATURE ,OF
76
FIGURE 31.
SPECIFIC VOLUME DATA FOR AMMONIA
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tiv= WVp
where W  is obtained from the same equation assuming that the
initial pressurant volume is completely filled with saturated
liquid pressurant and the final volume is filled with saturated
vapor. The weight of the pressurant change is then
W = Fuel volume
P	 v
g 
-vl
1.27
1. 217 -0. 0279
W = 1. 068 lb
P
L V in the equation above is the volume change for a 5-second
pulse.
L V = flow rate x time
= 0. 0162 x 5 - 0. 081 ft 
then
Q v
	 0 . 069 = 0. 0758 ft3/lb
Using this value of d v in equation (7) and the values of x f from
equation (27), the pressure change from the initial condition can
be obtained for values of xi. This relationship was calci1ated for
ammonia and is shown in Figure 32.
The limiting case, therefore, is the initial pulse when all the pres-
surant is liquid (xi = 0). From Figure 32, the final pressure of
an initial 5- second pulse with no heat transfer will be 183 psia.
The following is a calculation of the heat transfer requirement for
the limiting case discussed above to prevent the pressure from
falling below 200 psia. If the initial quality x i equals zero,
equation (7) reduces to
Q v + vli - vlf
"f	
"g f - "lf
where
p	 3v = 0. 0758 ft /lb (5- second pulse)
(28)
79
FIGURE 32
PRESSURANT QUALITY INFLUENCE UPON FINAL PNESSURE
250
240
230
220
a
Lu 210
N
W
a
J
L; 200
190
180
170
0	 .2	 .4	 .6	 .8	 1.0
INITIAL QUALITY
80
TRW LLecrnoMLCNAN/CAL DIVISION
THOMPSON RAMO WOOLOR I OGe INC:
v ii = 0. 0279 ft 3 /lb (at P = 247 Asia)
V f = 1. 50 ft 3 /lb (at P = 200 psia)
g
vif = 0. 027 ft  /lb (at P = 200 psia)
then
xf
 = 0. 0518
The heat addition during the 5-second pulse to achieve this require-
ment can be found from equation (6) which reduces to
Q _
W	 x (h	 h +hf	 gf r if 	 if - `lli
P
= 0. 0518 (482) + 151 - 167 = 8. 9 BTU/lb
The average heat flow rate (qp).is
_Q _ W P	 8' 9 x 1 . 069qp _ W 
P	
time	 5	 1. 9 BTU/secs
or
qp = 1. 9 x X600 = 6850 BTU/hr for the 5- second period.
The average heat transfer requirements to maintain constant pres-
sure would be
qp
	
V!Tp (hgi 
-hli) x average propellant flow rate
(ave)	 propellant volume
1. 069 (466. 7) x 0. 00394
gp(ave)	 1. 27	 = 1. 51 BTU/hr
The heat transfer requirements during the limiting case are seen
to be extremely large as compared to the average requirements.
Several methods to provide for the requirements of the limiting
case are available. If the results of the System B investigation
prove satisfactory, a small amount of heat storage material could
be added to supply the required heat during the limiting case tran-
sient. The melting point of the heat storage material would need
to be at a temperature below the pressurant operating point. Heat
from the heat exchanger after the pulse could then restore the heat
storage material to its liquid phase ready to supply instantaneous
heat for the next pulse.
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A second method of meeting the requirements of the limiting case
would be to add additional pressurant. The amount of pressurant
needed may be calculated by assuming a final pressure of 200 psia
for the initial 5-second pulse. From equations (27) an%: (28)
e 
v = (h ii - hl f ) (vg f -
 
it
	
+ v - v(hgf 
-hif)	 if	 li
Using the initial and final values
6 
v _ (167 -151) (1. 50 -0. 027) 
+ 0. 027 -0.028(482)
A v = .048 ft3/lb
The pressurant needed to achieve this change in specific volume
during a 5-second pulse is
W p	 d v	 .048 - 1.69 lb
E. Analog Computer Simulation Results
Four tank configurations were analyzed:
1. System A fu%! +,ank, aninionia pressurant.
2. System A oxidizer, Genetroh 32 pressurant.
3. Model tank SK 19087, containing fuel with ammonia pressurant,
and wAh. the initial pressurant volume reduced in size to accept
the optimum pressurant weight )f .2115 pounds, with an initial
quality of 13. 5 percent.
4. Model tank SK 19087, as above, except with the measured initial
pressurant volume of 224 cubic inches, and a pressurant charge
of .40 pounds.
Each of the first three cases above were run with three values of
the heat transfer coefficients corresponding to the minimum, mean,
and maximum estimated values. Since the heat transfer rates
strongly influence the response of the control system, the recorder
paper speed was changed for the different runs; this fact should be
noted when comparing the computer traces. Because of the low
speed of operation of the system, the computer simulation was run
with a ten-to-one fast time scale; runs were made to verify the fact
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that a chant, of time scale does not affect the acct-racy of the
simulation.
Run 1:
	 System A fuel tank, maximum heat transfer coefficients.
The initial input disturbance is an accurately-timed five-
second pulse at the maximum propellant utilization rate
of 28.0 cubic inches per second. According to the cri-
terion by which the initial pressurant parameters were
set, an initial adiabatic decay would drop the tank pres-
sure 40 psi during the transient. The initial pressurant
decay is approximately 37 psi, showing that a small
amount of heat transfer took place. Subsequent disturbance
pulses are in the magnitude of either five seconds or . 5
seconds duration; the duration is more easily discerned
from the pressure decay than from the pulse duration.
(See Figure 33. )
Run 2:	 System A fuel tank, mean heat transfer coefficients. The
initial -)ressure decay is approximately 40 psi (refer to
Figure 341, indicating that virtually no heat transfer took
place during this g rief transient. The slower response
following the termination of the disturbance results in a
.longer heater on-time, and greater stored heat in the
walls of the vessel and the heat transfer fluid, resulting
in a greater pressure overshoot following the shut-off of
the heat transfer fluid valve.
Run 3:
	 Systern A fuel tank, minimum heat transfer coefficients.
The lower heat transfer coefficients again result in
slower transi^ ,;:: s and greater overshoots, as was shown
in Run 2 above. The first-cycle pressure transient en-
compasses approximately 81 psi, as compared with 73
psi for the mean heat transfer coefficients, and 55 psi
with the maximum heat transfer coefficients. (See
Figure 35.)
Run 4:	 System A oxidizer tank, maximum heat transfer coef-
ficients. Only minor differences exist between the
oxidizer tank runs and the corresponding fuel tank runes
above. The pressure regulation performance is some-
what inferior; the differences are primarily attributable
to the characteristics of Genetron 32 pressurant as
opposed to ammonla. It may be noted in the pot set sheets
that P28 and P29 are shown as negative coefficients; this
was achieve(" ­r reversing the sign of the power supply to
these two pat
	 P15 and P34 are shown with coefficients
greater tha-A oiie; the pots were actually set at the
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fractional value, and an additional gain of one was patched
in parallel around the pot. (See Figure 36. )
Run 5:
	
System A oxidizer tank, n., ean heat transfer coefficients.
(Sec' Figure 37. )
Run 6:
	
System A oxidizer tank, minimum heat transfer coef-
ficicnts. (See Figure 38. )
Run 7:	 SK 19087 Model fuel tank, ammonia pr; ssurant, with
initial pressure and volume reduced to the calculated
optimum value of 70. 7 cubic inches, maximum heat
transfer coefficients. By appaying the optimum pres-
surant charge criterion to °he model tank, it becomes
a direct comparison to the System A fuel tank, with the
propellant flow rates scaled down in proportion t:) the
propellant volume. Non-scale differences exist because
of the different configuration of the tank, resulting in
non-scaled heat transfer areas and a greater-than- scale
tank weight. Run 7A, shown herein, is the same as Run
7 except for recorder scales. (See Figure 39. )
Run 8:
	
Same as Run 7, but with mean heat transfer coefficients.
(See Figure 40.)
Run 9:
	
Same as Run 7 with minimum heat transfer coefficients.
Run 9A is the same as Run 9, except for changed re-
corder scales. (See Figure 41, )
Runs	 This series of runs was performed on the tank system
10- 28:
	
as described by Run 7, but with minimum, mean, and
maximum heat transfer coefficients, and with variations
made in the temperature of the incoming heat tr-ansfer
fluid.
Runs	 Exploratory runs for Liie set described belo ­3 .
29-30:
Run 31:	 SK 19087 Model tank, with initial pr ,^ss-..rant volume as
measured at 224 cubic inches, and a pressurant charge
of . 40 pounds of ammonia. This configuration results
in an initial pressurant quality of 22. '75 percent, and a
final pressurant quality of less than 75 percent. The
computer simulation does not inciuci ,z^ a stop on the
volume extremes, so that the runs. are capable of con-
tinuing into an area which would represent a negative
propellant volume, and should merely be disregarded
87
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past that point. This run uses the mean heat transfer
coefficients and, by comparison with Run 8, illustrates
the improved pressure regulation that results from a
more generous pressurant volume. (See Figure 42. )
Run 32:	 Same as Run 31, but with minimum heat transfer coef-
ficients. (See Figure 43. )
Run 33:	 Same as Run 31, but with maximum heat transfer coef-
ficients. (See Figure 44. )
Run 34:	 Same as Run 33, but with the disturbance flow rate held
on manually for the entire expulsion transient. The com-
bination of the high heat transfer coefficients and the
large pressurant volume permits good pressure regu-
lation to be held even during this sustained demand.
(See Figure 45. )
Run 35:
	
Same as Run 31, but with the flow demand held on for the
entire expulsion transient. The mean heat transfer co-
efficients are used, providing inadequate heat transfer
to keep up with the derriand as long as it persists. (See
Figure 46. )
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VI.	 EXPERIMENTAL RESULTS
In the previous sections, the performance advantage of the ammonia and
Genetron 32 volatile liquid pressurization systems was clearly established.
The test program subsequently described was planned to provide an accurate
and relatively complete evaluation of these most promising pressurants.
The program consisted of investigating the performance potential of the
selected pressurants for two different applications, designated Systems A
and B.
The pressurized system for System A is required to provide hypergolic
propellants to the reaction control motors at a flow rate su.ff ; cient to main-
tain proper attitude control over a period of two weeks; whereas, the flow
requirements for System B are much more severe in that its propellant
supply are exhausted in a matter of minutes. The other dissimilarity in
Systems A and B is the method of adding heat to vaporize the volatile liquid.
A sufficient supply of heat was assumed to be available at a rate of 50 BTU/
hr. for every degree (Fahrenheit) temperature difference from other sub-
systems that are rejecting heat to a 60 7 0 (by weight) glycol-water solution.
In System B it was assumed that r.o external heat source is available during
expulsion. This required a system which incorporates a heat source such
as the heat of fusion of n-octadecane.
The reaction control systems envisioned employ nitrogen tetroxide (N204)
as the oxidizer and a 50 percent mixture of unsymmetrical dimethylhydra-
zine and hydrazine as the fuel.. Systems A and B are designed to deliver
propellants to the thrusters at an oxidizer/fuel ratio of 1. 9. 'i'.e above re-
quirements, along with the guar City of propellants desired, dictated an
oxidizer tank capacity of 1. 55 cubic feet and a fuel tank capacity of 1. 27
cubic feet.
The most severe flow conditions that are imposed on S;rstem A require
approximately 2. 6 pounds of propellants per second for approximately 5
seconds. These conditions do not occur frequently and are separated by a
time interval sufficient to rr •iit normal conditions to ue restored. The
average flow rate in this system is 0. 39 and 0. 21 p Funds per hour of oxi-
dizer and fuel, respectively. System B has the carahilities of providing a
continuous flow rate of approximately 1. 5 pounds ( f propellants per second
over a time interval of one minute.
The test program was subdivided into t::ree mai )r phases: ') Ammonia
expulsion tests, (2) Ge:netrcn 32 expulsion test,, and (3) Genetron 32/
n-octadecane expulsion ests. A triethylene glycol. solution was selected as
the propellant substitute to peM Ynit the feasibilit y tests to be nonhazardous.
In support of this program, the design and fabrication of all propellant feed
system hardware was undertaken along with thF; construction of a test stand
suitable for expulsion experiments.
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A. Test Hardware
At the onset of the program it was realized that in order to demon-
strate the practicality of the attractive volatile liquid pressurants
that an experimental tank must be designed which could efficiently and
.reliably expel the propellant simulate. Due to the difficulties en-
countered in the fabrication of the metallic diaphragms, it was de-
cided to utilize a bellows experimental tank to demonstrate the
integral pressurization system. Photographs of the tank assembly
and componcrita are shown in Figures 47 and 48, respectively.
The cylindrical tank structure is 8. 5 inches in diameter and 10. 75
inches long with a 0. 070 inch wall thickness. Skirting the tank on
1. 5 inch centers is a brazed 0. 25 inch copper tube. The tank has a
flat botton-L, housing three 6 inch legs, and two inlet ports. The
cover is contoured. The tank bellows is fabricated of 321 stainless
steel, 8 mils thick with a 0. 5 inch span and outside diameter of 8
inches. The bellows tank assembly weighs approximately 32 pounds.
The actual pressurant and fuel volumes were determined to be 218
cubic: inches and 401 cubic inches, respectively. O-ring seal arrange-
ments are employed at the cover and bottom plate locations.
The test setup consisted of four subsystems; namely, (1) nitrogen
pressurization systen.- (2) receiver tank, (S) Neat source, and (4)
experimental bellows tank. A schematic and photograph of the test
apparatus are shown in Figures 49 and 50. The system also includes
suitable instrumentation for measuring temperatures, pressures,
mass flows, and etc.
B. Test Procedure
The basic test procedur. is identical for the two pressurizing agtr.ts
used.
1. Ammonia Pressurant
The test starts with a leak check of the system. The le,-.k check
consists of a vacuum being pulled on the system (both sides of
the bellows simultaneously) and monitored with an appropriate
gage for leaks. Simultaneous with the leak check operation the
receiving tank is filled with 20 pounds of fue" i. (tri-ethylene glycol).
Sufficient. heat is added by means of the "strap on" heaters to
bring the fuel to an Equilibrium temperature of 900F. Upon in-
surance of a "tight" system the vacuum pump is closed out of the
system and the bellows tank weight is recorded. With the re-
ceiving tank open to atmosphere the refueling valve between the
101
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FIGURE 47 - EXPERIMENTAL TANK ASSEMBLY
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bellows tank and thereceiving tank is opened. By virtue of the
pressure difference, fuel flows from the receiving tank to the
bellows tank. When a total of 2 pounds of fuel have been flowed
the refueling valve is closed and the appropriate amount of
arzmonia is added to the p,°essurant cavity. At this time the
bellows tank is filled to a total of 16 pounds fuel. The remaining
fuel must be forced in with a supply of nitrogen applied to the
fuel receiving tank. The additional nitroger pressure is required
to overcome the pressure suppl y %d by the ammonia vaporization.
After tt e f= nal weight of the system is recorded the solenoid
valve is closed and the throttle valve is adjusted for the proper
flow rate. The heat exchanger pump is activated to bring the
system to an initial pressure of 250 psia. Upon reaching 250
psia the receiving tank is vented off and the volenoid valve is
opened. Simultaneous with the opening of the solenoid valve the
oscillograph recorder is activated, thus recording the continuous
flow rate, pressure, and temperature of fuel and pressurant.
The run is terminated when a total of 13 pounds of fuel has been
expelled. For System A the 13 pounds of fuel are expel.Led in 5
second bursts, while for System B the 13 pounds ari- expelled
in one continuous burst. This procedure is repeated for each
succeeding run.
2. Genetron 32 Pressurant
The test procedure for Genetron 32 is identical to that for
ammonia except that the operating pressure is 300 psia, and
cooling fluid is circulated through the heat exchanger during the
refueling operation. The additional cooling was required to
absorb the excess thermal energy so as not to exceed the initial
pressure during the refueling operation.
3. Genetron 32 and N-Octadecane Pressurant
When the heat storage material is added, the test procedure is
conducted in similar fashion. The heat storage material :,eing
added to the empty pressurant cavity prior to the leak check of
the system.
C.	 Test Results
The first series of expulsion tests were of preliminary nature, mainly
for the purpose of gaining experience in the design and operation of
the test rig and determining the expulsive characteristics of the ex-
perirnental tank. Several tank configuration tests were conducted to
determine the volumetric characteristics of the pressurant and pro-
pellant compartments along with expulsion characteristics. The
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pressurant and propellant compartments were determined to be 218
cubic inches and 420 cubic inches, respectively. The volumetric
loading ratio (propellant/ tank volume) was computed to be 68%.
Thirty-five expulsion tests were conducted using gaseous nitrogen
as the pressurant. The tank was found to accommodate 16 lbs of
triethylene glyco l. solution. The gaseous nitrogen pressure was
varie from 50 - 150 psig along with various expulsion rate settings.
In each test, the total propellant expelled war, found to be greater
than 15.8 lbs. The highest expulsion efficiency obtained was above
99% in several of these water tests.
At this point in the program it was decided to conduct three basic
test series: (1) Ammonia expulsion tests, (2) Genetron 32 expulsion
tests, and (3) press -rant/thermite expulsion tests. It was intended
that both the ammonia and Genetron 32 pressurants would be investi-
gated in parallel until one was determined to be completely satis-
factory. Once reproducible high expulsion characteristics were
achieved, the effect of thermite charge would be investigated
systematically.
1. Ammonia Expu lsion Tests
The test objectives of the ammonia pressurant evaluation were
to determine the basic effects o f
 she pressurant charge upon the
expulsion characteristics vriLh and without heat addition during
a continuous expulsion (System B). In addition, the results of
this series of tests would be applied to conduct typical System A
duty cycles. The basic test configuration consisted of the previ-
ously described experimental tank and bellows.
a. System B Expulsion Characteristics
In the first series of tests, the propellant simulated expulsion
rate was fixed at 0.4 and. 0. 1 lb/se and a total amount of
10 lbs expelled. Forty-four tests were conducted employing
four different charges of ammonia (8 oz, 6 oz, 4 oz, and 2
oz). Twelve tests were conducted with the 8 uz charge of
ammonia with and without heat addition. The heat exchanger
flow rate was fixed at 30 cc/sec. Three tests were conducted
at the 0. 1 lu/sec and 0.4 lb/sec expulsion rate. The average
of the three sets of data points are graphically illustrated in
Figure 51. At V e low flow rate operation, the pressure de-
cay recorded was 235 to 153 psia and 225 to 135 Asia, with
and without heat addition, respectively. The heat transfer
fluid employed was a mixture of 60 0% ethylene glycol solution
supplied at 180 0 F. For the higher flow rate a more signifi-
cant pressure differential was experienced, 60 and 105 psi.
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Identical results were obtained witl. the other three ammonia
charges 6 oz, 4 oz, and 2 oz, and are presented in Figure
52. A couple of tests were also attempted with a 1 oz
charge of ammonia. The low charge produced much higher
pressure droops than the higher charges. Due to the formi-
dable decrease in pressurant capability, the 1 oz charge
was eliminated from further evaluation.
b. System A Expulsion Characteristics
The ammonia evaluation continued with a series of eight
tests at simulated System A requirements (see Figure 53).
Once again the ammonia charge (8 oz to 2 oz) was determined
to have no effect upon the expulsion characteristics.	 'or the
low flow conditions, twenty 5 sec pulses were accomplished.
In the first ten pulses, the initial pressure setting was re-
gained within 5 secs. From the 11th pulse on, the time to
regain the initial pressu .  varied. The higher the pulse
number, the more the recovery time increased. The heat
exchanger flow rate was once again fixed at 30 cc/sec. In
the higher flow rate oFeration, the increase in recovery
time is more obvious. These tests certainly dei.ionstrated
the feasibility of employing ammonia as a fuel tank pres-
surant. For the actual duty cycle of some two weeks and
the heat source of 50 BTU/hr, the system would definitely
respond adequately.
2. 7Tenet ron 32 Expal,,aion Tests
Using the original experimental tank con -figuration, some 300
teats were conducted asing various charges of Gen.etron 32. The
Genetron system was found to be less effective as a pressurant
than the ammonia. In particular, the experiments showed little
or no effect upon the pressurant characteristics even with the
utilization of '.eat fluid flows up to 45 cc/sec. In addition, a
few tests were conducted with both r- tetracosane/ammonia and
n-octade cane /Genetron 32. These tests were definitely not con-
clusive beca..3e it was c.etermined later that the experimental
tank corifiguration was not designed properly to adequately melt
the thermites. I'lie experimental tank was redesi3ned to replace
the original integral heat exchanger tubes located on the outer
periphery of the tank with a copper coil located in the pressurant
cavity itself. The tank modification is shown in Figure 54.
In idition, during this series of tests the original bellows con-
tin aed to fail at more frequent intervals as the experimental
program progressed. Finally, it was decided to replace the
steel bellows. Due to the program's completion date drawing
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near, it was decided to use a teflon bag which could be fabricated
within days. Swedlow was funded to fabricate the teflon bag. The
bag was to be used as a collapsible positive expulsion device of
unlimited life. However, this approach proved to be costly in
that both time and monies were expended to no avail. The bag
was very poorly constructed by Swedlow. The bag was found to
be impossible to seal at the upper O-ring location. This approach
was dropped and a new stainless steel bellows was designed and
fabricated. The bellows, shown in Figure 55, was designed to
have a 0. 80 inch span, forty convolutions, and a wall thickness
of 5 mils. The new bellows was successfully employed in over
300 cycling tests with no failures or pin-hole leaks whatsoever.
A photograph of the new and old bellows is shown in Figure 56.
The smaller bellows is the new configuration.
The new bellows and tank modification resulted in a different
pressurant volume. The pressurant volume was decreased from
218 cubic inches to 198 cubic inches (see Figure 57). Several
expulsion tests were also conducted with the new configuration.
Again propellant expulsion efficiencies above S9% were achieved.
The experimental evaluation continued with 90 tests. Three
different charges of Genetron 32 were evaluated. The charges
were selected to have an initial quality (X l ) of 0. 10 9 0. 25, and
0. 39. The later quality, 0. 39 was selected on the basis that at
final conditions the pressurant final quality would be 1. 0 or all
gas. The same experimental procedure was followed; the first
series of tests were conducted at System B requirements, and
the second series at System A requirements.
a. System B Eij ►ulsion Characteristics
Sixty-six test ,-- were conducted employing three different
chargez of Genetron 32. The first series of twenty-two
tests were conducted with a 2-lb 12-oz ci-arge correspond-
ing to an initial quality of 0. 1. The test data is summarized
in graphic form in Figure 58. During this series of tests,
a thermocouple was installed in the pressurant cavity and
was attached to the bellows cap. In Figure 58, the flow,
pressure, and temperature data are presented. Notice that
the temperature and pressure traces follow each other. Li
addition, notice that the heat exchanger fluid flow had little
effect upon the pressurant characteristics.
However, in the subsequent tests using a 1-lb 13-oz charge
(X1 = 0. 25) the heater fluid did have an effect. The test re-
sults are shown in Figure 59. For the high flow condition,
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the nominal 10-lbs of triethylene glycol solution was expelled
in 20 seconds at essentially no pressure decay. Without
heater flow, the time to expel 10-lbs was 40 seconds at a
corresponding total pressure droop of 100 psi. Similar
significant results were obtained at the low flow operation.
The heater flow rate wz-is fixed at 30 cc/sec during the entire
series of tests.
The final series of tests were cu..ducted with a 1-1b 3-c,r
charge (Xf = 1. 0) of Genetron 32. Similar dramatic test
results were obtained as shown in Figure 60. At the lower
expulsion rate, a formidable increase, 100 psi, in tank
pressure was experienced. This series of tests conclusively
demonstrated the feasibility of employing a volatile 1. 7uid
pressurant and utilizing the waste heat from a glycol/water
regenerative loop.
b. System A Expulsion Characteristics
Twenty-four tests were conducted at simulated System A
requirements. Typical expulsion curves are shown in
Figure 61. The influence ol pressurant charge was found
to have little or no effect upon the expulsion characteristics.
It the heat exchanger had been dc.,-signed to deliver a 50 BTU/
hr heat source to the Genetron 32, no pressure droop,as
shown for the higher ex pulsion rate, would have been experi-
enced. The nominal pressure drop obtained at the low flow
condition was 2..0 psi and around 30 psi for the higher flow.
As a result of the significant data obtained in this test series
it was decided to limit the thermite/pressurant evaluation to
the n-octadecane/Genetron 32 system. This decision was
also based upon overall system simplification as a result of
employing one pressurant material for both fuel and oxidizer
tanks.
3. Genetron 32/n-Octadecane Expulsion Teets
A final series of 60 tests were conducted with a fixed Genetror
32 charge of 1-lb 13-oz and three different ri-octadecane charges.
Prior to these tests, a series of exploratory tests were conducted
to determine the threshold conditions of the n-octadecane freez-
ing point. The freezing point was determined to be 83 0 F which
corresponded to a pressure of 225 psia. This test series was
conducted at a starting pressure of 225 psi ± 10 psi and a pres-
surant temperature of 830F.
119
-^	 r^	 N	 ^	 O	 O	 O	 O	 O
.*	 M	 N
03S/8l`-UV' 11013
	
l Sd`3ursS32id 4 J0*V31
1
O
1 A4
.—	 C •^
LJ	 •— OM	 N •C}	 •-
• ffl	 N
^	 J
rp u	 :7
.0	 CJ
.:	 CJ
1
w	 w
O	 O
O	 O
LA.	 LL
C,	 s i	 3
•—	 •— O	 O
O
O
l!1
O
w
O
f
O
%4
ON
O
O
O
ry
N
p
OU
WN
O	 h
CO	 LU
F-
N
N cr'1
V 1
Z
F— O
V) a
(C WW ZF— W
U l7Q
Q N2 O
O U
zW O •
cr-
--
¢^N J
L7 J
M ^-
a
x w
w
Q
m
= V
ES
F—ZF— Q
N t1
iW^
tx
CL
120
1 . 0
^..^
	
III3 fi I ^I L^?
1	 `. 4 0	 VIII 2.^
VIII 
I.Z$ 
VIII '-a u. l_6
M CROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963
O
O
r»
O
O
00
N
0
ZOU
WN
W
0
v
00
00NV)U
-- N
^ M
W
1- ZU OQ Y
F-
Q W
= 2U W NNN
0 000ZO W^ N M C-(D
J Q
a u mmmX
..J .J JW F--Z N r
_^ Q
Q Q'
LJ W
cn a
^O
W
CY
V
LL
O
O
0
O
0
0
N
0
O O O O OO	 tl^	 M	 O	 l!1
	 M	 G1
U.
N	 N	 Lj	 N
	 C14	 N
O	 C7
I Sd `3unSSMJd s
121
TRW L!LlC rF;OMECHAN/CAL DIVISION
i HOMPSON RGMO WOOLORiDGE i^40
a. Sys em 13 Expulsion Characteristics
The first series of tests were conducted with a 1-lb charge
of octadecane. The test results are summarized in
Figure 62. Notice the extreme flatness of the tank pressure
anti temperature traces. in addition, a few tests were con-
ducted with the n-octadecane in a not-prepared state, i. e.
the n-octadecane was not fully melted. The pu! • ,. )se of
these tests was to determine the influence of proper prepara-
tion procedures. Notice the formidable differences (4 1 psi
or greater).
In the next series of tests, a 2-lb charge of r.-octadecane
was employed. There was essentially no difference
observed between the expulsion characteristics obtained
with the 1-lb and 2-lb charge of n-o.tadecane (Figure 63).
Prior to proceeding to the final series of tests, it was de-
cided to analytically predict the minimum presPurant charge
required to duplicate the results already obtained using the
1-lb and ^-'Lb charges. A working equation was derived
starting from equation (6), Section V, Dynamic Performance
Analysis. Equation (6) is repe,ted here for convenience.
(1 -xi ) hli + x ingi	 (1 _-x f ) hlf + ''fh
	
Q
gf W
P
(6)
rearranging equation ^,))
(1 -x f) hlf - (1 - xi ) hli + Fxfhgf  - xih ig	 ' P
	
(6a)
x. is defined here asi
x i = X  +S'	 (1)
substituting x  +	 for x i in equation (6a) we obtain
FG - 
x f) hlf - (1 -xf -S ) h 1 +
Ix fllgf - xfhgi
^ = Q+ h gi
P
(2)
rearranging equation (2)
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(1 -xf) (h lf -hli) + xf (hgf -hgi) + d (hli hgi) W (2a)P
Constant specific heat for any particular phase of pres-
surant was assumed.
therefore
hl if -hli 	 Cpl (T f - T i ) & hg -hgi Cpg (T f - Ti)
(3)
(hgi - hli) A = heat of vaporization
substituting
Cpg (T f - T i ) for (hgi 
-hli) in equation (2a)
(1 -x f) Cpl (T f -T i ) + x f Cpg (T f - T i ) 	 ,Q 	(4)
P
rearranging equation (4)
W  (1 -x f ) Cpl (Tf -Ti ) + WpxfC Ing 07f -Ti ) +
(x f -x i) X Wp = Q
(4a)
Total heat which G-32 receives = heat to increase temp (Qr)
+ heat to vaporize (Qv)
Q = Q + Q	 (5)r	 v
C  liquid m (1 -xt ) ( T t - Tt-1) +
C  gas m (xt ) (T t - Tt-1) + (xt -xt-1) 	 m	 (5a)
The following properties of Genetron 32 were used
•P = 0. 204 BTU/lb of gas
•P = 0. 506 BTU/lb of liquid
X = 164.8 BTU/lb
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Employing these working equations (4a and 53), it was de-
termined that a 10-oz charge of n-octadecane would be
adequate. With the 10-oz charge, the results shown in
Figure 64 were obtained. The experimental results were
very satisfying. The pressure droops were essentially
identical to that of the heavier charges.
b. System A Expulsion Characteristics
This phase consisted of thirty tests at simulated A require-
ments. The data is summarized in Figure 65. The effect
of pressurant charge was found to have little or no effect
upon the expulsion characteristics. The tests were very
encouraging in demonstrating the practicality of employing
a thermite/pressurant Fystem for reaction control systems.
This successful series of tests concluded the experimental
evaluation.
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VII. CONCLUSIONS AND RECOMMENDA TL01 , S
The progra.-ri consisted of an analytical study and experimental dernon-
stration of the basic concepts of an all-metal, vul • itile ligoid, positive
expulsion system. The major problem encountered on the volatile liquid
program was the fabrication of the thin (1 to ; mils) hemispherical
metallic expulsion diaphragms. The TRW diaphragm fabrication efforts
were not successful. Although Sviedlow ran into the same directional and
pin-hole problems assoclatz^d with the basic tantalum foil stock, com-
pletely satisfactory 2 mil aluminum and stainless steel diaphragms were
delivered to TRW for l:-st and evaluation. All diaphragms ruptured in a
severe fold area upon refilling the tank after one expulsion cycle was
completed. The major problem encountered in these experiments was
random diaphragm deflection at tl.e equ- tor. Efforts to stiffen the equator
against deflection have been unsuccessful to date. The formation of the
characteristic thre e - cox n^^r folds near the equator region attributed to the
severe area reduction zone (4 to 1) associated with a spherical tank. It is
believed that these folds could be eliminated by incorporating an ellipsoidal
tank configuration which approaches an area reduction zone of 2 to 1 at the
equator. The cyclic tests were significant in that they satisfactorily
demonstrated that tl^e basic material procurement, annealing difficulties
and overall fabrication problems heretofore encountered have been
resolved.
A series of tests were conducted to characterize candidate heat storage
materials and to determine their compatibilities with nitrogen tetroxide,
Acr. ozine 50, Genetron 32, Freon 22, propylene and ammonia. These
studies were conducted 7i;6 the first three portions of the program; final
selection of the specific heat storage material and a more precise determi-
nation of the properties of the system were made as a fourth segment. As
a result of these tests, it is felt that a ,-atio of approximately 1:1 of G32
and n-octadecane will yield c pressure plateau that would meet the require-
ments for hardware testing of this concept. The heat transfer characteris-
tics of the test hardware would be sufficiently different from those
experienced with the Laboratory equipment, that a more precise determi-
nation of the principle could be made. By increasing the amount of the heat
storage material to 2:1, some lengthenin g; of the pressure plateau might be
achieved, but with the penalty of increased systern weight which will result
in an overall decrease in system performance.
Another series of tests were completed to characterize the physical
properties of ammonia and n-to 4 racosane. Based on the results obtained
with Gcnetron-32 and n-octadecane (H3), it was felt that a higher melting
point material coupled with the lower vapor pressure obtained from
ammonia would give the desired properties for a pressurant/heat storage
material combination. However, the use of ammonia and tetracosane did
not result in acceptable pressure plateaus for use in the expulsion dia-
phragm system. Because of the considerable solubility of ammonia in
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n-tetracosane, it does nct appear possible to release the ammonia thus
obtaining hood heat tr?- a fer and a pressure plateau. The use of other
hydrocarbons in the same family as tetra-osane wi l-h ammonia could
possibly result in similar deficiencies.
A dynamic performance analysis was conducted on System A which involves
a heat exchanger design. Since System B involves the use of a heat storage
material in intimate contact with the pressurant, heat transfer was assumed
to be an instantaneous action. '"he results of the volatile liquid selection
section indicate that such an integral system is feasible provide(! the melt-
ing ;point of the heat storage material is below the pressurai:t operating
point. Therefore, the mathematical analysis was aimed solely a;, the exter-
nal hest storage, System A.
The analog computer simulation was established and runs made evaluating
d,7namic res?once of the flight-type fuel and oxidizer tanks, and the experi-
mental bellows tank configuration selected to demonstrate the feasibility of
the volatile-liquid concept. Pressure drop on the initial propellant flow
Pulse was ae expected. The propellant was found to provide a dampening
effect on the amount of pressure drop. The residual heat remaining in the
heat transfer fluid after flow is stopped resulted in a slight overshoot of
pressure. Thirty-five analog runs were made varying the heat exchanger
parameters, and their effect on the system response time was determined.
No significant problem areas were discovered.
The volatile liqt,. pressurization system was found to be feasible for ad-
vanced reaction control systems. Operatiunal data were obtained from
205 of the 505 tests conducted. 55 of these used ammonia pressurant, 90
used Genetron 31 pressurant, and 60 used Genetron 32/n-octadecane
pressurant.
The ammonia pressurant charge of 8 oz to 2 oz was found to have little or
no effect upon the expulsion characteristics for either System A or System
B requirements. At the lower expulsion rate a nominal pressure droop of
psi was obtained for System A operation. A nominal of 15 psi was ob-
tained for the higher flow rate. As shown in Figure 66, the pressurant
charge had no effect on the high expulsion rate at System B conditions.
The pressure droop of 90 psi, without heat addition, was reduced to 60 psi
with heat addition. In addition, the 1 oz ammonia charge was found tc be
unsatisfactory because of a higher pressure droop of some 20 psi or more.
Similar conclusions can be reached when one examines the comparison of
the low flow data shown in Figure 67.
After modifying the experimental tank to incorporate an improved heat
source for the pressurant, excellent results were obtained0 are Me Genetron
32 evaluation. With the heat exchanger flow rate fixed at 33, cc/sec, the
heat input almost perfectly matched the heat loss of the pressurant during
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high flow conditions of System B in that essentially no pressure droop was
obtained (refer to Figure 68). It was found that the pressu rant charge did
have some influence upon the heat transfer mechanism so thati at the 2-lb
12-oz charge the heat exchanger was less effective. This was due to the
poorer heat transfer properties of the liquid phase as compared to the
gaseous phase. However, the pressurant charge without heat addition was
found to have little effect upon the expulsion characteristics. For the low
flow rate operation, heater fluid had some formidable influence upon the
expulsion characteristics. In Figure 69, a pressure rise is shown for the
pressurant charge of 1-lb 3 oz.
Similar encouraging results were obtained with Genetron 32/n-octadecane
pressurant. A 30 psi pressure droop was obtained at the hi bh expulsion
rate using three different charges of n-octadecane while fixing the Genetron
32 charge at 1-lb 13oz. In Figure 70, an overall comparison at the high
flow operation is made of the 1-lb 13-oz Genetron 32 test data. A similar
comparison is made in Figure 71 for the lower expulsion rate.
These tests definitely demonstrated the practicality of a two phase volatile
liquid system for advanced reaction control systems. Because of the Sig-
nificant advantage of s i mplicity, reliability and perhaps weight, a follow-
on investigation is strongly recommended. The continued effort should be
aimed at flight type hardware. It is further recommended that for near
term applications, the external heat source system be pursued and for
longer range applications the thermite system be investigated.
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